A fraction of the large surface protein (L) of duck hepatitis B virus (DHBV) is phosphorylated at serine or threonine residues (E. Grgacic & D. Anderson, Journal of Virology 68, 7344-7350, 1994). We now report the identification of phosphorylation sites in DHBV L protein. Using site-directed mutagenesis, we have identified serine-118 (S118) as the major phosphorylation site, accepting approximately 64 % of the total phosphate groups incorporated in L, and resulting in retarded migration of phosphorylated L in SDS-PAGE. Proline-119 is indispensable for S118 phosphorylation. Mutation of other serine/threonine residues which are followed by prolines (T79, T89, S117 and T155) together with S118 further reduced phosphorylation to around 19 % of wild-type. Non-equilibrium pH gel
Introduction
The duck hepatitis B virus (DHBV) surface proteins are translated from a single open reading frame (preS\S ORF) including two in-phase start codons and a common stop codon. Two mRNAs (2n35 and 2n13 kb) act as templates for the synthesis of a large (L) surface protein of approximately 36 kDa and a major, small (S) protein of 17 kDa (Buscher et al., 1985) . The L protein is thus comprised of an N-terminal preS domain and the S domain, coinciding with the S protein. The preS domain of hepadnaviral L proteins is required for both receptor binding (Neurath et al., 1986 ; Pontisso et al., 1989) and interaction with core protein in virion assembly (Bruss, 1997 ; Bruss & Vieluf, 1995 ; Lenhoff & Summers, 1994 b) . In order to fulfil these external and internal functional roles the L protein exhibits an unusual dual topology where the preS domains of half the L molecules are post-translationally translocated into the endoplasmic reticulum or pre-Golgi lumen, both in HBV  Author for correspondence : David Anderson.
Fax j61 3 92822100. e-mail anderson!burnet.edu.au electrophoresis (NEPHGE) and SDS-PAGE of 33 Plabelled L protein revealed two phosphorylated L species, while protein with the S118 to alanine mutation was detected as only one labelled species, consistent with multiple phosphorylations in wildtype L. Together, these results demonstrate that serine 118 is the major phosphorylation site for a proline-directed kinase, and that a proportion of L molecules are additionally phosphorylated at one of a number of secondary sites. DHBV mutants encoding L proteins with minimal phosphorylation (alanine mutants) or mimicking constitutive phosphorylation (aspartic acid mutants) remained infectious both in cell culture and in ducks, demonstrating that L phosphorylation may play only a minor role in DHBV replication. Ostapchuk et al., 1994 ; Prange & Streeck, 1995) and in DHBV (Guo & Pugh, 1997 ; Swameye & Schaller, 1997) . The DHBV L protein has also been shown to play regulatory roles in viral DNA replication, apparently distinct from purely stoichiometric effects due to encapsidation of replicative intermediates (Lenhoff & Summers, 1994 b ; Summers et al., 1991) . Increased cytopathology, linked to disturbed regulation of viral DNA synthesis in some DHBV variants carrying single amino acid mutations in L further accentuates the importance of this viral protein.
DHBV L protein is detected as species of 35 and 36 kDa (P35 and P36, respectively) in SDS-PAGE. We have previously shown (Grgacic & Anderson, 1994 ) that this heterogeneity is due to phosphorylation of serine or threonine residues in L molecules with preS domains located on the inside of secreted subviral particles, and thus not translocated through the preGolgi membrane before budding. We therefore considered that L phosphorylation may play a role in preventing the translocation of the preS domain of some L molecules and\or in the maintenance of a dual topology. Alternatively, phosphorylation may play a role in some other function of L protein.
We therefore endeavoured to identify the phosphorylation site(s) by mutagenesis of residues within a target region proposed from the following observations. The homogeneity of the S protein on Western blots together with the observed association of phosphorylation with the internal, cytosolically disposed portion of the L protein indicate that L heterogeneity resides in the preS domain. Examination of the DHBV sequence in the preS region reveals ten serine and threonine residues conserved between most or all avian hepadnaviruses. Of these, four located at aa 79, 89, 118 and 155 lie immediately upstream of a proline, as has previously been shown to be essential for DHBV core protein phosphorylation (Yu & Summers, 1994) . These considerations together with the fact that the highly conserved (S\T)PPL motif is located in a region essential for HBV virion morphogenesis Bruss & Vieluf, 1995) led us to predict that T79, T89, S118 and T155 were putative phosphorylation sites (Grgacic & Anderson, 1994) . Recent data from others have substantiated the predicted phosphorylation at S118 (Borel et al., 1998 ; K. Rothmann, M. Schno$ lzer, G. Radziwill, E. Hildt & H. Schaller, personal communication) and have shown that ablation of phosphorylation at this site does not lead to an impaired viral phenotype in cell culture (Borel et al., 1998) ; however, the role of other potential phosphorylation sites remains unclear.
We demonstrate that, including the major phosphorylation site at S118, these residues indeed account for approximately 81 % of the total phosphate incorporation into L protein, with a significant proportion of L molecules bearing two phosphates. However, even when phosphorylation of all the identified sites is prevented by alanine substitution, or multiple sites are replaced with aspartic acid to mimic the charge of phosphorylation, the virus remains infectious both in cell culture and in ducks. L protein phosphorylation may therefore play only a minor role in DHBV replication, which precludes a role in the translocation process.
These results were presented in part at ' Molecular Biology of Hepatitis B Viruses ', Cold Spring Harbor, September 1996.
Methods
Plasmids and site-directed mutagenesis. Plasmid pUC119.DHBV.CMV carrying the 1n2-length infectious DHBV genome under control of the CMV promoter (Summers et al., 1991) was kindly provided by J. Summers. Amino acid substitutions were introduced into the L protein by overlap extension PCR (Ho et al., 1989) . Briefly, single base changes were introduced in the L open reading frame of pUC119.DHBV.CMV using primers containing the desired base change paired with outside, nonmutating primers to generate two fragments, each with one overlapping, homologous end. The products of the first round of PCR were purified by excision from an agarose gel and the two purified fragments were used as a template for the second round PCR using the outside primers to generate a fusion PCR product with the desired mutation. PCR was carried out using Pfu polymerase (Stratagene).
Codons for residues S117, S118, T79, T89 and T155 were substituted with alanine codons, individually and in combinations. Serine\threonine to aspartic acid substitutions were also introduced at each position to mimic phosphorylation of the residues. Selected residues in the region of the major phosphorylation site were also substituted individually as follows : I114A, P115L, P116L, S117A, S117D, P119L, Q121A, K123L.
One primer of each of the primer pairs used in the overlap extension PCR contains the required nucleotide base changes. These overlapping primers containing base substitutions (in bold) are listed in Table 1 . The outside non-mutating primers were sense strand 5h TCCCCTCTCC-CACGTAGTTC 3h (DHBV nt 358-377) (Mandart et al., 1984) and antisense strand 5h CGTTGTCCGTCAGATACAGC 3h (nt 1581-1562).
The overlap extension PCR product containing the desired mutation was digested with BglII (nt 391) and KpnI (nt 1294) and introduced into pUC119.DHBV.CMV by subcloning into the same restriction sites. DH5α cells were transformed with the mutant plasmid DNA and DNA from the resultant colonies was assessed by sequencing of the entire replaced fragment to confirm the presence of the desired mutation(s) and the lack of second-site mutations which might have been introduced through PCR. Plasmids for multiple mutants were constructed sequentially with the same overlapping PCR method using appropriate mutant DNAs as a template.
Further constructs aimed at increasing L production in cell culture for metabolic labelling were created using the pCI-neo vector (Promega). Plasmid pCI L, encoding wild-type DHBV L protein, has been described previously (Gazina et al., 1998) . The mutations described above were introduced in pCI L by replacing the DraI-XhoI fragment with the corresponding DraI-XhoI fragment of the 1n2-length DHBV mutants.
Expression of mutant and wild-type proteins in LMH and COS-1 cells. LMH cells were seeded at 3i10' cells per well in six-well multiplates in DMEM\F12 (Gibco) supplemented with 10 % foetal bovine serum (FBS). Transfections were performed using the dextran sulphate method. Briefly, the monolayer was washed with sterile saline or PBS and then overlaid with 1 ml of transfection solution (0n4 mg\ml dextran sulphate ; 0n1 mM chloroquine in 1 ml DMEM\F12 plus 10 % FBS) containing 5-10 µg plasmid DNA. Cells were incubated for 2 h at 37 mC and ' shocked ' for 2 min at 20 mC with 10 % (v\v) DMSO in DMEM\F12. Cells were washed with saline or PBS and then maintained in DMEM\F12 plus 10 % FBS. Medium was changed the following day. Transfection efficiency was monitored by indirect immunofluorescence using a monoclonal anti-L protein and goat anti-mouse IgG-FITC conjugate.
COS-1 cell transfections were performed using the calcium phosphate method (Sambrook et al., 1989) with 10 µg of DNA per well, and cells were maintained in DMEM\10 % FBS.
Analysis of L protein by Western blotting. Cells were harvested 3-4 days post-transfection by scraping into 500 µl of cold NT (10 mM Tris, 100 mM NaCl, pH 7n5) and lysed by freeze-thawing three times. Lysates were fractionated as described previously for primary duck hepatocytes (Grgacic & Anderson, 1994) except that the membrane pellet was resuspended in 200 µl NPT (NT plus 1 % Nonidet P-40). L protein was readily detected in 20 µl of the membrane fraction by SDS-PAGE and Western blotting as previously described (Grgacic & Anderson, 1994 ).
In vivo
33 P i -labelling and immunoprecipitation. Two days post-transfection, cells were washed twice and incubated for 30 min in phosphate-free medium (ICN). Cells were labelled with 500 µCi $$P i (Amersham) per well of a six-well multiplate for 6 h in the presence of 20 nM okadaic acid to inhibit the action of phosphatases. Cells were harvested in 500 µl NT with 50 mM NaF to inhibit phosphatases and 1 mM PMSF. Membrane fractions were isolated as above except that the membrane pellet was resuspended in 250 µl NPT. An equal volume of RIPA buffer (10 mM Tris, 150 mM NaCl, 1 mM EDTA, 1 % Nonidet P- Table 1 . Sequences of mutagenic primers 40, 0n5 % sodium deoxycholate, 0n1 % SDS, 1 mM PMSF, pH 7n5) was added to membrane fractions and samples were precleared by incubation with 30 µl of protein A-Sepharose (Pharmacia). Immunoprecipitations were performed by incubating each sample at 4 mC with 20 µl of monoclonal anti-S antibody 7C12 (Pugh et al., 1995) for 3 h, followed by incubation with 30 µl of a 10 % protein A-Sepharose slurry for 1n5 h. Sepharose beads were then washed in RIPA buffer, resuspended in Laemmli buffer (2 % SDS, 5 % 2-mercaptoethanol, 0n5 mM Tris pH 6n8, 0n05 % Bromophenol Blue), boiled and the supernatant loaded onto SDS-PAGE. After electrophoresis, proteins were transferred to polyvinyldifluoride membranes (DuPont) for subsequent autoradiography or phosphor image analysis. Incorporation of $$P was measured using a Fuji FLA-2000 phosphorimager. To quantify the amount of protein in corresponding $$Plabelled bands, membranes were immunostained after autoradiography using guinea-pig anti-L antibody and chemiluminescence as described above, and signals were quantified by densitometry using NIH-Image software.
Non-equilibrium pH gradient electrophoresis (NEPHGE).
Unmodified L protein has a predicted isoelectric point (pI) of 8n92 (calculated using MacVector ; Stratagene), while modification with one or two phosphates is expected to reduce the pI to 8n65 and 8n19 respectively. We therefore attempted to resolve isoforms of wild-type L protein to determine the normal phosphorylation level of the protein. In preliminary experiments using isoelectric focusing and SDS-PAGE we were unable to clearly resolve forms of phosphorylated L protein due to drift at the cathodic end of the gel, and we therefore used a modification of the NEPHGE system of O 'Farrell et al. (1977) . After the final washing, immune complexes prepared as above were washed once in deionized water and resuspended in first dimension sample buffer containing 9n5 M urea, 2 % ampholytes (1n6 % pH 3-10 and 0n4 % pH 7-9 ampholytes ; BioRad), and loaded at the cathodic end of gels containing 4 % acrylamide (5n5 : 1 acrylamide\bisacrylamide), 9 % ampholytes [1 % pH 8-10, 2n5% pH 5-7 (Bio-Rad), 4 % pH 7-9, 1n5 % pH 3-10 (Pharmacia)], 9n2 M urea and 2 % Triton X-100. Gels were electrophoresed in a Bio-Rad Mini Protean II Tube Cell module with buffer reservoirs and current reversed, CHEF IP: 54.70.40.11
On: Thu, 10 Jan 2019 01:24:49 E. V. L. Grgacic and others E. V. L. Grgacic and others at 450 V for 4 h (lower buffer, 20 mM NaOH ; upper buffer, 10 mM H $ PO % ). Second dimension gels were 12 % SDS-PAGE, and gels were subsequently fixed, soaked in Amplify (Amersham), dried and exposed to Hyperfilm MP (Amersham).
Infectivity of L protein mutants. LMH cells were transfected with plasmid pUC119.DHBV.CMV or mutant derivatives thereof, and culture supernatant collected at 3 days post-transfection. This culture supernatant was used to infect PDH cells in vitro in the radioimmunofocus assay (RIFA) and to infect 1-day-old ducklings in vivo.
RIFA. The RIFA is a modified ' plaque ' assay for the quantification of infectious DHBV in cell culture (Anderson et al., 1997) , and has been slightly modified here. Briefly, primary duck hepatocytes prepared from Pekin-Aylesbury ducklings as previously described (Bishop et al., 1990) were seeded in six-well multiplates containing 25 mm ' Thermanox ' tissue culture coverslips (Nunc) and 1 day later infected with 10-fold dilutions of virus for 1 h at 37 mC. Cultures were maintained in L-15 containing 1 % DMSO. Coverslips were harvested on day 13 postplating and fixed in cold acetone for 2 min. Foci of infection were stained by incubation of coverslips for 1 h at 20 mC with "#&I-labelled monoclonal anti-preS antibody 1H.1 (Pugh et al., 1995) diluted in PBSj2 % normal mouse serum. Coverslips were washed three times in PBS, dried and foci of infection detected by exposure to Fuji RX film with a single intensifying screen at k70 mC for 5 days.
Infection of ducklings.
One-day-old Pekin-Aylesbury ducklings were infected via intraperitoneal injection with 0n5 ml of culture supernatants. Samples of blood were collected on a weekly basis for 4 weeks, and sera were tested for the presence of DHBV DNA by dot hybridization as previously described (Wang et al., 1991) .
Results and Discussion

L protein can be phosphorylated without expression of the entire viral genome
To facilitate identification of the phosphorylation sites in L, we first asked whether other products of the viral genome were required for its phosphorylation. LMH cells were transfected with wild-type 1n2 kb-length DHBV genome plasmid DNA (pUC119.DHBV.CMV), the preS\S expression plasmid pUC119.CPS expressing only L and S proteins, or a plasmid expressing a myristylation-minus L mutant (Summers et al., 1991) (Fig. 1) . The L proteins produced in these transfected cells appeared as the phosphoprotein-containing doublets in Western blots. The expression of the phosphorylated form of L from the preS\S expression plasmid (Fig. 1, lane 2) indicates that phosphorylation is occurring without the need for the entire virion or other virion proteins, suggesting that the kinase is a cellular kinase which is not dependent on other viral proteins for activation. It also appears that L phosphorylation is not directly dependent upon myristylation of the L protein (Fig. 1, lane 4) .
S118 is the major but not unique phosphorylation site
As outlined above and previously (Grgacic & Anderson, 1994) , four (S\T)P sites in the preS domain were considered as likely candidates for phosphorylation. LMH cells were therefore transfected with pUC119.DHBV.CMV derivatives bearing alanine for serine\threonine codon substitutions (T79A, T89A, S118A or T155A) in the L open reading frame. Phosphorylation of mutant L proteins produced in transfected cells was assessed by Western blotting as before. Substitutions at T79, T89 and T155 did not alter L protein heterogeneity, but mutant S118A yielded a single electrophoretic species which co-migrated with the wild-type P35 protein, indicating that S118 is a phosphate acceptor (Fig. 2 a) . The identification of S118 as a phosphate acceptor is in agreement with the results of K. Rothmann and others using mass spectroscopy (personal communication), and of Borel et al. (1998) using mutagenesis as reported here.
In order to mimic the phosphorylated state of the L protein, S118 was substituted with aspartic acid (S118D). This resulted in the L protein migrating entirely as a slower-migrating form than the P35 species on SDS-PAGE, confirming the relationship of charge and mobility seen with the phosphorylated L protein (Fig. 2 b) . The S118D mutant seems not to have comigrated exactly with the P36 phosphorylated species but migrates somewhere between the two. The substitution P119L also resulted in the loss of P36 (Fig. 2 b) , which suggests a role for this adjacent proline in phosphorylation at S118 (although this experiment could not exclude the possibility that modification of P119 may prevent the bandshift of the phosphorylated form from 35 to 36 kDa).
Although S118 was clearly the phosphorylation site conferring altered mobility to L, we used phosphate labelling to examine the possibility that other sites were used in addition to S118 without causing additional bandshifts. To facilitate detection of the phosphoproteins, the L gene was subcloned in the vector pCI-neo to drive high-level expression. LMH cells were transfected with pCI L or pCI L derivatives bearing S118A or multiple mutations (S118A plus other candidate CHEG Phosphorylation sites in DHBV L protein Phosphorylation sites in DHBV L protein sites), and were labelled in vivo with $$P i . L proteins were immunoprecipitated using monoclonal antibody to the S domain (7C.12) (Pugh et al., 1995) , and detected by SDS-PAGE and autoradiography. Under the electrophoretic conditions used to resolve the isoforms of L, S protein is lost from the bottom of the gel, but was never observed to incorporate any phosphate label in other gel systems (results not shown). Wildtype L protein was detected as a strongly labelled band of 36 kDa and a very weakly labelled band of 35 kDa (Fig. 3, lane  1) . As seen also in Fig. 2 , mutation of S118 resulted in a loss of the 36 kDa phosphoprotein (Fig. 3, lane 3, S118A) ; however, a larger proportion of P35 is now $$P-labelled compared to P35 in wild-type L. Western blotting of this membrane and densitometry showed that the amounts of L produced from these transfections varied within a 1n3-fold range (results not shown). After quantification of $$P incorporation using a Fuji FLA-2000 phosphorimager, and normalization for total amounts of L, we calculated that labelling of S118A was reduced to 36 % that of wild-type, indicating that S118 must be the major phosphorylation site, while phosphorylation at the additional site(s) does not affect migration of the L protein on SDS-PAGE. Mutations at single candidate sites in addition to S118 did not further reduce labelling (Fig. 3, lanes 4-7) . However the mutant 5(S\T)A, containing alanine substitutions at all four candidate sites plus S117 (which we considered may serve as a phosphate acceptor additional to S118), demonstrated a further reduction in the incorporation of $$P i (Fig. 3 , lane 9) to around 19 % that of wild-type. Labelling of S118A L protein with $$P i was also observed after transfection of LMH cells with the mutant in the 1n2-length infectious DHBV plasmid pUC119.DHBV.CMV, in which L is expressed at levels similar to those in viral infection (results not shown), and therefore does not represent an artefact of high-level expression.
Taken together, these results suggest that S118 is the major phosphate acceptor in L protein, accounting for 64 % of incorporation, while the additional candidate sites together account for a further 17 %. Interestingly, a visual inspection suggests that the residual labelling in 5(S\T)A (lane 9) approximates that seen in the 35 kDa species of wild-type L protein (lane 1), and may therefore be independent of phosphorylation at S118.
Substitution of P119 with leucine (Fig. 3 , lane 2) also resulted in the loss of P36 and detection of a reduced amount of phosphorylated P35, labelled to the same extent as S118A. P119 is therefore part of the recognition site for S118, rather than having a trivial effect on migration subsequent to S118 phosphorylation. This confirms that the adjacent, downstream proline residue forms part of the kinase recognition site for the kinase involved in L phosphorylation, consistent with our earlier prediction of putative sites (Grgacic & Anderson, 1994) CHEH E. V. L. Grgacic and others E. V. L. Grgacic and others and the partial phosphorylation observed at the other S\TP motifs examined here.
The sequence surrounding the phosphorylation site at S118 forms the conserved motif P(S\T)SP, which is consistent with the motif PX(S/T)P for MAP kinase (Davis, 1993) . Substitution of P116 (or indeed P115 present in this strain) with leucine resulted in the loss of P36 on Western blots, whereas substitution of other sites in the vicinity of S118 (I114A, S117A, Q121A and K123L) had no effect on L phosphorylation (results not shown), consistent with this P(S\T)SP motif being recognized by MAP kinase for phosphorylation at S118. Recent experiments by others suggest that MAP kinase is indeed responsible for phosphorylation at S118 (K. Rothmann and others, personal communication). As (S\T)P is considered the minimal phosphorylation motif for MAP kinase (Kyriakis & Avruch, 1994) it appears likely that this kinase is also responsible for phosphorylation at the additional sites lacking the upstream proline, but presumably at lower efficiency than for S118 which is modified in the vast majority of phosphorylated L protein molecules. This may also be the case for the strain of DHBV in which the corresponding target sequence is PSSTP (GenBank M21953).
Although the above results demonstrated that multiple (S\T)P sites needed to be blocked before phosphorylation was reduced to minimal levels, it was necessary to exclude the possibility that phosphorylation at sites other than S118 was an artefact induced by blocking of that site. To address this question, wild-type and S118A L proteins were expressed in COS-1 cells (giving 5-fold higher levels of protein production from the pCI-neo vector due to episomal replication in these cells), labelled with $$P i and subjected to immunoprecipitation and two-dimensional NEPHGE-SDS-PAGE. As shown in Fig.  4 , $$P-labelled wild-type L protein was resolved as two species of approximately equal intensity, both migrating as P36 in SDS-PAGE but with different migration rates in NEPHGE consistent with different levels of phosphorylation (one and two phosphates, respectively, from right to left). In contrast, mutant S118A was detected as a single band, migrating as P35, consistent with a single phosphorylation.
To confirm that phosphorylation of any additional site(s) was not due to upregulation of kinases unique to COS-1 cells, $$P i -labelling of S118A single and double mutants was repeated in these cells (results not shown) with an identical pattern of phosphorylation to that seen in LMH cells (Fig. 3) despite much higher levels of total L expression in the COS-1 cells. Taken together, these results suggest that phosphorylated DHBV L protein is normally a mixture of two major forms of polypeptides : those modified at S118, and those modified at S118 plus one of T79, T89, S117 or T155, with these latter residues being used interchangeably. The third, minor form of phosphorylated L observed in some experiments (e.g. Fig. 3 , lane 1, P35 in wild-type L) is not modified at S118. In this respect our results conflict with those of Borel et al. (1998) using mutagenesis and of K. Rothmann Fig. 4 . NEPHGE of wild-type (a) and S118A L proteins (b) labelled with 33 P i . COS-1 cells were transfected with pCI constructs encoding wild-type or S118A L proteins, and labelled and immunoprecipitated as in Fig. 3 . Immune complexes were dissolved in 9n5 M urea, 2 % ampholytes and subjected to NEPHGE in the first dimension with migration from the acidic to basic end of the gel in the direction shown (arrow). Second dimension gels were 10 % SDS-PAGE, and proteins were transferred to PVDF membranes. The identification of spots as P36 and P35 was confirmed by Western immunoblotting of the membrane. Positions of molecular mass markers (kDa) are indicated.
and others using mass spectroscopy (personal communication) in which phosphorylation of only S118 was detected. We believe that this most likely reflects the distribution of phosphorylation between sites as we have shown here, with 64 % at S118 and 36 % distributed over many sites, only some of which have been identified. However, we believe that identification of the normal level of phosphorylation is clearly important in order for mutant proteins to fully mimic the nonphosphorylated and phosphorylated forms of DHBV L in studies of the role of phosphorylation in virus replication.
Infectivity of phosphorylation site mutants
In order to assess whether mutation of the major phosphorylation site at S118 or at other sites affected DHBV infectivity, each of the mutant L sequences containing substitutions of S118A, S118D, S(117,118)A, S(117,118)D, 5(S\T)A and 5(S\T)D were subcloned into the 1n2-length infectious DHBV plasmid and transfected into LMH cells.
Supernatants from these transfections were tested for the ability to establish infection in vivo in 1-day-old ducklings (detected by dot hybridization and RIFA of serum) and in vitro in PDH cultures (detected by RIFA of PDH supernatants). All mutants with the exception of 5(S\T)D were able to infect both PDH cells and ducklings (results not shown), demonstrating that the normal phosphorylation pattern of L CHEI Phosphorylation sites in DHBV L protein Phosphorylation sites in DHBV L protein protein is dispensable for virus replication. As shown in Fig. 5 , viruses bearing mutations S118A, S118D and 5(S\T)A recovered from the serum of infected ducklings gave foci of infection in the RIFA (analogous to plaques) which are indistinguishable from wild-type virus. Western blotting confirmed that only the expected forms of L were present in each serum sample (results not shown), precluding the selection of revertants.
The lack of infectivity in 5(S\T)D was subsequently shown to be due to the substitution T155D within the TPPL motif (results not shown), and is most likely unrelated to the phosphorylation state of L protein. It may instead be related to some other function of the highly conserved (S\T)PPL motif, which is found immediately upstream of the initiation codons for M protein in mammalian hepadnaviruses and for S protein in DHBV (Grgacic & Anderson, 1994) , and partially overlaps a linear sequence shown to be essential for HBV morphogenesis (Bruss, 1997) . Borel et al. (1998) have shown a lack of phenotypic effects up to 10 days after infection of PDH cells with DHBV mutants analogous to 5(S\T)A in which each of the predicted phosphate acceptors has been blocked. While this demonstrated that wildtype levels of L protein phosphorylation are not necessary for virus replication, as has recently been reported for phosphoproteins of some unrelated viruses (Nelle et al., 1998 ; Sakaguchi et al., 1997) , our observation of low levels of residual phosphorylation in the 5(S\T)A mutant (Fig. 3 ) left open the possibility that partial phosphorylation is sufficient for virus replication. Conversely, we reasoned that substitution of serine or threonine residues with aspartic acid, thus mimicking constitutive phosphorylation, might be deleterious to the virus. However, our observation that the S118D (Fig. 5) and S(117,118)D mutants (results not shown) retain wild-type infectivity allows us to conclude that not only minimal levels of L phosphorylation, but also constitutive L phosphorylation are permissible for virus replication. Contrary to our original hypothesis (Grgacic & Anderson, 1994) , this clearly precludes any role for phosphorylation in the control of preS membrane translocation, and indeed other recent studies have shown that the initial, cytosolic topological distribution of DHBV preS is not dependent on any one sequence, with partial contributions throughout the region including the cluster of lysine residues towards the end of the preS domain (Gazina et al., 1998 ; Swameye & Schaller, 1997) . However, the conservation of L protein phosphorylation in strains of DHBV with highly divergent primary L sequences (R. Dixon, personal communication) suggests that there may be some subtle selective advantage for wild-type DHBV, in which L protein can be partially phosphorylated.
In view of the many functions of L protein, numerous potential non-essential roles for L phosphorylation may also be envisaged. Recently, Bruns et al. (1998) demonstrated a preSdependent enhancement of DHBV replication and gene expression by subviral particles, observed under conditions of low multiplicity infection in PDH cells, and which was shown to be abrogated by deletion of the preS aa 107-125. This sequence includes the major phosphorylation site for L protein identified here and by others, and it was suggested that this E. V. L. Grgacic and others E. V. L. Grgacic and others enhancement may indeed be related to preS phosphorylation (Bruns et al., 1998) . Subviral particle enhancement cannot be an absolute requirement for DHBV infection as shown by the infectivity of single DHBV particles both in ducklings (Jilbert et al., 1996) and in PDH cultures (Anderson et al., 1997) , and is thus compatible with a non-essential role for L phosphorylation. A second and perhaps related possibility is a role in the transactivating function observed for DHBV L protein (K. Rothmann and others, personal communication). Studies to address the dynamics of virus competition and selection in the host animal may be required to define whether L phosphorylation has a role in these or any other aspects of the DHBV replication cycle.
